channel (ENaC) reduces Cl
Ϫ absorption in cortical collecting ducts (CCDs) from aldosterone-treated rats and mice. Since ENaC does not transport Cl Ϫ , the purpose of the present study was to explore how ENaC modulates Cl Ϫ absorption in mouse CCDs perfused in vitro. Therefore, we measured transepithelial Cl Ϫ flux and transepithelial voltage in CCDs perfused in vitro taken from mice that consumed a NaCl-replete diet alone or the diet with aldosterone administered by minipump. We observed that application of an ENaC inhibitor [benzamil (3 M) ] to the luminal fluid unmasks conductive Cl Ϫ secretion. During ENaC blockade, this Cl Ϫ secretion fell with the application of a nonselective Cl Ϫ channel blocker [DIDS (100 M)] to the perfusate. While single channel recordings of intercalated cell apical membranes in split-open CCDs demonstrated a Cl Ϫ channel with properties that resemble the ClC family of Cl Ϫ channels, ClC-5 is not the primary pathway for benzamil-sensitive Cl Ϫ flux. In conclusion, first, in CCDs from aldosterone-treated mice, most Cl Ϫ absorption is benzamil sensitive, and, second, benzamil application stimulates stilbene-sensitive conductive Cl Ϫ secretion, which occurs through a ClC-5-independent pathway. channels; chloride; epithelial sodium channel; H ϩ -ATPase; pendrin THE EPITHELIAL NA ϩ CHANNEL (ENaC) inhibitor amiloride has been used as an antihypertensive for many years. While it is thought to be a mild diuretic, it is used as an antihypertensive in monogenic syndromes associated with an inappropriately high activity of ENaC, such as in Liddle's syndrome or T594M variants of the ENaC ␤-subunit (1). It is also sometimes used in the treatment of primary aldosteronism (12, 25) , which is associated with increased ENaC abundance and function. Amiloride analogs induce natriuresis and chloriuresis by inhibiting ENaC, which reduces Na ϩ absorption in principal cells of the connecting tubule (CNT) and cortical collecting duct (CCD), where ENaC is expressed (15) . Since ENaC does not transport Cl Ϫ , how amiloride analogs reduce Cl Ϫ absorption [transepithelial Cl Ϫ flux (J Cl )] in these segments is unresolved (23, 30) . In CCDs from aldosterone-treated mice, Cl Ϫ absorption is nearly eliminated with application of an amiloride analog, benzamil, to the luminal fluid (23) . The mechanism of benzamil-sensitive Cl Ϫ flux is thought to occur through paracellular Cl Ϫ transport driven by the lumen-negative transepithelial voltage (V T ) generated by ENaC (13) . Our laboratory has shown, however, that benzamil-sensitive Cl Ϫ flux is not strictly coupled to V T (23) . For example, the benzamil-sensitive component of J Cl depends on Na
Ϫ cotransporter 1 (NKCC1) (23) , an electroneutral exchanger that localizes to the basolateral membrane of type A intercalated cells in mouse CCDs and outer medullary collecting ducts (8, 23, 32) . When NKCC1 is inhibited, the benzamil-sensitive component of Cl Ϫ absorption falls, although total and benzamil-sensitive V T are unchanged.
In CCDs from mice given a NaCl-replete diet, ENaC inhibition unmasks net Cl Ϫ secretion (23) , which raises the possibility that benzamil stimulates conductive Cl Ϫ secretion. One interpretation of these findings is that benzamil stimulates a conductive Cl Ϫ secretory pathway by the type A intercalated cell, which occurs via Cl Ϫ uptake across the basolateral membrane, mediated by NKCC1, which is then secreted across the apical membrane into the luminal fluid.
While the mechanism of Cl Ϫ secretion across the apical membrane of intercalated cells is unresolved, apical plasma membrane anion conductance has been reported in intercalated cells from rabbit CCDs (6, 19) . Elimination of the lumennegative V T generated by ENaC should enhance the driving force for anion secretion mediated by such an anion channel. Thus, the purpose of the present study was to characterize the amiloride (benzamil)-sensitive component of Cl Ϫ flux.
METHODS

Animals.
Unless otherwise indicated, experiments were performed on male and female wild-type mice on a 129S6/SvEv Tac background (Taconic Farms). Collecting duct-specific ␣-ENaC-null mice (Hoxb7 cre; Scnn1a loxloxcre ) were compared with CRE-negative littermates (26) , which were on a 129B6 background. Male ClC-5-null (ClC-5 Ϫ/y ) mice (24) and male wild-type (ClC-5 ϩ/y ) littermates (C57Bl/6 background) were compared (24) . Unless otherwise stated, mice were fed a balanced diet (53881300, Zeigler Brothers) prepared as a gel (0.6% agar, 74.6% water, and 24.8% mouse chow) supplemented with NaCl (ϳ 0.8 meq NaCl/day, treatment 1) or diet and aldosterone given by minipump (250 g·kg body wt Ϫ1 ·day Ϫ1 , treatment 2) for 5-7 days before euthanization (16) . The Institutional Animal Care and Use Committee of Emory University approved all treatment protocols.
Immunogold cytochemistry. Kidneys were prepared for electron microscopy as previously described (33) . ClC-5 immunoreactivity was localized in ultrathin sections with immunogold cytochemistry (33) . The CCD and type A intercalated cells within the CCD were identified using morphological characteristics, as previously described (33) .
In vitro perfusion of isolated CCDs. For transepithelial flux experiments, CCDs were dissected from medullary rays and perfused at flow rates of 2-3 nl/min in the presence of symmetric, HCO 3 Ϫ -buffered physiological solutions (solution 1; Table 1 ). Tubules were equilibrated at 37°C for 30 min before the collections begun. A stock solution of benzamil hydrochloride (3 ϫ 10 Ϫ3 M) was prepared in water. Stock solutions of bafilomycin (10 Ϫ5 M) and H2DIDS (10 Ϫ1 M) were prepared in absolute ethanol and DMSO, respectively. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Measurement of net transepithelial Cl
Ϫ flux. Cl Ϫ concentration was measured in the perfusate and collected samples using a continuous-flow fluorimeter and the Cl Ϫ -sensitive fluorophore 6-methoxy-N-(3-sulfopropyl)quinolinium (Molecular Probes, Eugene, OR), as previously described (7, 32, 34) . Transepithelial Cl Ϫ flux (JCl) was calculated according to the following equation:
where Co and CL are perfusate and collected fluid Cl Ϫ concentrations, respectively, Q is flow rate (in nl/min), and L is tubule length. Net fluid transport was taken to be zero since net fluid flux has not been observed in CCDs when perfused in vitro in the presence of symmetric solutions and in the absence of vasopressin (17, 18) . J Cl was expressed in picomoles per millimeter per minute.
VT. VT was measured in the perfusion pipette connected to a high-impedance electrometer through an agar bridge saturated with 0.16 M NaCl and a calomel cell, as previously described (31) . The reference was an agar bridge from the bath to a calomel cell.
Isolated, split-open collecting duct preparation. Electrophysiological measurements were made in split open-mouse CCDs, as previously described (2) . Aldosterone-treated collecting duct-specific ENaC-null mice (treatment 2) were euthanized by an overdose of pentobarbital followed by cervical dislocation, and the kidneys were immediately removed. CCDs were dissected in ice-cold physiological saline solution buffered with HEPES (solution 2; pH 7.4). Isolated collecting ducts were allowed to settle onto a 5 ϫ 5-mm coverglass coated with poly-L-lysine. Coverglasses with adherent tubules were placed in a perfusion chamber mounted on an inverted Nikon Eclipse TE2000 microscope and superfused with room temperature HEPESbuffered (pH 7.4) saline solution. To gain access to the apical membrane of intercalated cells, tubules were split open with a sharpened micropipettes controlled with a micromanipulator. Isolated, split-open tubules were used for patch-clamp analysis within 2 h after isolation. The bath (solution 2) and patch pipette (solution 3) solutions are shown in Table 1 . Each solution was at pH 7.4.
Patch-clamp electrophysiology. Gap-free single-channel current data from gigaohm seals (recording pipette resistance: 7-8 M⍀) were acquired (and subsequently analyzed) with an Axopatch 1D (Axon Instruments) patch-clamp amplifier interfaced via a Digidata 1420 (Axon Instruments) to a PC running the pClamp 10.3 suite of software (Axon Instruments). Currents were low-pass filtered at 100 Hz with an eight-pole Bessel filter (Frequency Devices). Unitary current was determined from all-point amplitude histograms fitted with single-or multi-Gaussian curves by using the standard 50% threshold criterion to differentiate between events. Channel NP o (where N is the density of channels per unit area of membrane and Po is the open probability) was calculated from the single-channel record without any assumptions about the total number of channels in a patch or the Po of a single channel using the following relationship:
where T is the total recording time and i is the number of channels open. Po was calculated by dividing NPo by the number of active channels within a patch as defined by all-point amplitude histograms.
Statistics. Unless otherwise stated, all data are presented as means Ϯ SE. Unless stated otherwise, Each n value used in the statistical analysis represents data from separate mice. To test for statistical significance between two groups, paired or unpaired Student's t-tests were used. The criterion for statistical significance was P Ͻ 0.05.
RESULTS
Application of a stilbene inhibitor (DIDS) reduces conductive Cl
Ϫ secretion. During ENaC blockade, we observed a weakly lumen-negative V T (Ϫ0.4 Ϯ 0.1 mV, n ϭ 4) in CCDs perfused in vitro taken from mice that ingested a NaCl-replete diet (treatment 1; Fig. 1 ). This lumen-negative V T should provide the driving force for low levels of Cl Ϫ absorption across tight junctions. Instead, these tubules secrete Cl Ϫ ( Fig.  1) , consistent with our previous findings (23) . Since DIDSsensitive apical anion channels have been reported in the CCD (3, 6), we hypothesized that benzamil stimulates conductive Cl Ϫ secretion through a DIDS-sensitive pathway. To test this hypothesis, we examined the effect of the nonspecific Cl Table 1 ) from mice that received a NaCl-replete diet (treatment 1) with benzamil (3 M) present in the luminal fluid. Solid lines display results from experiments where the vehicle (Veh) was applied in the first period and DIDS was applied in the second period. Dashed lines indicate experiments where the order was reversed (i.e., DIDS was applied in the initial period and then removed in the second period). Boxes show means Ϯ SE of data under each condition. In these same tubules, transepithelial voltage (VT) was Ϫ0.4 Ϯ 0.1 mV in the absence and Ϫ3.0 Ϯ 0.6 mV (n ϭ 4) in the presence of DIDS. Further studies asked if stilbene inhibitors alter Cl Ϫ flux in the absence of ENaC blockade. In CCDs from mice that ingested the NaCl-replete diet (treatment 1), a treatment condition in which ENaC activity is relatively low, J Cl increased from values not different from zero to net Cl Ϫ absorption with the application of 100 M DIDS to the perfusate (Fig. 2) . We conclude that with a standard, NaCl-rich rodent diet (basal conditions), which represents a treatment condition in which ENaC activity should be low, DIDS application to the perfusate unmasks net Cl Ϫ absorption or reduces Cl Ϫ secretion. DIDS might alter transepithelial transport or may instead change paracellular Cl Ϫ transport by increasing the lumennegative V T . To discriminate between these two possibilities, we examined the effect of DIDS on V T in the absence of ENaC blockade. V T was Ϫ0.3 Ϯ 0.8 mV in the absence and Ϫ0.1 Ϯ 0.7 mV in the presence of DIDS (P ϭ not significant, Fig. 2 ). Because DIDS did not increase the lumen-negative voltage, the increase in Cl Ϫ absorption observed with DIDS application cannot be explained by enhanced transport across tight junctions.
Stilbene inhibitors increase Cl Ϫ absorption in the CCD of aldosterone-treated mice during ENaC blockade. Since aldosterone stimulates both benzamil-sensitive Na ϩ absorption and Cl Ϫ absorption in the CCD (23), we explored the effect of an ENaC inhibitor (benzamil) on Cl Ϫ absorption and V T in CCDs from aldosterone-treated mice (treatment 2; Fig. 3 ), a treatment condition in which ENaC activity is stimulated. As shown, benzamil application reduced Cl Ϫ absorption and reduced lumen-negative V T by ϳ72%, similar to our previous observations (23) . Therefore, in CCDs from aldosterone-treated mice, J Cl and V T are dependent on a benzamil-sensitive pathway.
Since DIDS reduces benzamil-stimulated Cl Ϫ secretion in CCDs from mice on a NaCl-replete diet (Fig. 1) , we examined the effect of DIDS on Cl Ϫ absorption in CCDs from aldosterone-treated mice (Fig. 4) . As shown, in the absence of benzamil, DIDS had no effect on Cl Ϫ absorption. However, during ENaC blockade, DIDS application increased Cl Ϫ absorption (or reduced Cl Ϫ secretion). We conclude that benzamil stimulates DIDS-sensitive Cl Ϫ flux, possibly by inhibiting a conductive pathway mediating Cl Ϫ secretion. During ENaC blockade, we observed that the DIDS-sensitive component of J Cl was 8.8 Ϯ 2.6 pmol·mm Ϫ1 ·min Ϫ1 (n ϭ 4) in mice given a NaCl-replete diet alone (treatment 1) and 13.6 Ϯ 2.1 pmol·mm Ϫ1 ·min Ϫ1 (n ϭ 9) in mice that received diet and aldosterone (treatment 2, P ϭ not significant). Since DIDS-sensitive Cl Ϫ absorption is therefore the same or greater in CCDs from mice that received the NaCl-replete diet and aldosterone relative to mice that received diet only, and since ENaC is upregulated by aldosterone, further experiments used aldosterone-treated mice.
We hypothesized that if benzamil-induced Cl Ϫ secretion occurs through a stilbene-sensitive Cl Ϫ conductive pathway, benzamil should not change Cl Ϫ flux when this Cl Ϫ pathway is inhibited. To test this hypothesis, we examined the effect of benzamil on Cl Ϫ absorption with DIDS in the perfusate. As shown in Fig. 5 Fig. 6 ). As shown, application of DIDS to the perfusate increased Cl Ϫ absorption in Cre (ϩ), collecting duct-specific ENaC-null mice (Fig. 6B) but had no detectable effect on Cl Table 1 ) from mice that received a NaCl-replete diet (treatment 1) in the absence of benzamil. Solid lines display results from experiments where the vehicle was applied in the first period and DIDS was applied in the second period. Dashed lines indicate experiments where the order was reversed (i.e., DIDS was applied in the initial period and then removed in the second period). Boxes show means Ϯ SE of data under each condition. absorption in wild-type Cre (Ϫ) littermates (Fig. 6A) . We conclude that DIDS modulates Cl Ϫ transport through an ENaC-dependent mechanism.
Veh Benzamil
Cl Ϫ channels are expressed in the apical membrane of intercalated cells. To characterize this benzamil-activated conductive Cl Ϫ pathway, we performed single channel recordings in isolated, split open cortical collecting ducts from aldosterone-treated collecting duct-specific ENaC-null mice to determine the properties of intercalated cell apical membrane Cl Ϫ channels (Fig. 7) . We formed successful cell-attached seals on 24 intercalated cells from 19 tubules isolated from 8 mice. The most frequent channel observed in the apical membrane of intercalated cells in split-open CCDs is shown in Fig. 7A . The number of channels per patch ranged from 0 to 7 with a mean of 2.25 Ϯ 0.98 (mean Ϯ SD) channels/patch. We chose four patches that had only one channel for further analysis. Figure  7B shows the current-voltage relationship for individual current events (unit current) versus membrane voltage from a CCD taken from an aldosterone-treated collecting duct-specific ENaC-null mouse. As shown, the unit current rectified slightly in a manner predicted by Goldman (9) and later by Hodgkin and Katz (11) for a channel with a high anion concentration outside the cell and a lower concentration inside the cell. Figure 7C shows that at hyperpolarized potentials, there is a low probability that the channel will open. However, open probability (P o ) is much higher at more depolarized potentials. P o approached one at very depolarized potentials (Fig. 7C) , indicating that the channel was nearly always open. Cl Ϫ flux across the apical membrane of intercalated cells was calculated as the product of the unit current (i Cl ), N, and P o , i.e., Cl Ϫ flux (as current) ϭ i Cl NP o (Fig. 7D) . This current-voltage relationship was very similar to the current-voltage relationship previously described for other ClC channels (5 secretion observed in CCDs perfused in vitro might be explained by ClC-5-mediated transport. Figure 8 shows that ClC-5 is expressed in the apical regions, including the apical plasma membrane, of type A intercalated cells, consistent with a previous report (10) . To determine if ClC-5 might mediate the benzamil-sensitive component of J Cl , we used a mathematical model of the CCD in aldosterone-treated rats (35) . Calculations used an epithelial model in which the lumen and bath conditions were equal Ringer solutions. In addition to the published model parameters, a representation of ClC-5 was placed into the luminal membrane of type A intercalated cells. ClC-5-mediated flux (J ClC5 ) was calculated based on linear nonequilibrium thermodynamics, assuming a fixed stoichiometry of 2 Cl Ϫ exchanging for 1 H ϩ , and is given by the following equation:
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where L ClC5 is a single permeability coefficient, which reflects membrane transporter density, and ⌬ is the electrochemical potential difference for either Cl (14) . To accommodate transporter rectification in domains further from equilibrium, the flux formula in that study was made more complex. Table 2 shows the predicted transepithelial open-circuit electrical potential as well as Na ϩ , Cl Ϫ , and H ϩ fluxes from four simulations with and without transport inhibitors. Each inhibitor was assumed to reduce transporter-mediated ion flux by 90%. Table 3 shows the luminal membrane electrical potential difference, intracellular pH, Cl Ϫ concentration, electrochemical potential differences for Cl Ϫ and H ϩ (⌬ Cl Ϫ and ⌬ H ϩ) across the apical membrane, and luminal membrane driving force for the ClC-5 exchanger (⌬ ClC5 ) in type A intercalated cells.
In the absence of inhibitors, the model predicted that ClC-5 will not change lumen-negative V T , nor will it change either total or tight junction-mediated Cl Ϫ absorption (Table 2) . Thus, little ClC-5-mediated flux was predicted under basal conditions. However, the model predicted that benzamil will blunt Cl Ϫ absorption across tight junctions by reducing the lumen-negative V T . The model also predicted that benzamilinduced luminal depolarization will increase Cl Ϫ secretion by type A intercalated cells more when ClC-5 is present in the relationship between the unit current and applied potential. The fit to the current is that predicted for a channel whose rectification is due only to a difference in the concentration of Cl Ϫ inside and outside the membrane. Note that the current reversed near zero (no applied potential), implying that the apical membrane potential of intercalated cells was very close to the Cl Ϫ reversal potential. C: quantification of the tracings shown in A. The number of channels per patch (N) ranged from 0 to 7 with a mean of 2.25 Ϯ 0.98 (SD). Channel open probability (Po) was strongly dependent on voltage. The voltage dependence of Po can be described by the following Boltzmann function:
where V is the membrane potential, V1/2 is the potential at which Po is 0.5, and ␣ is the slope of the function at V1/2. Therefore, the Cl Ϫ current that would be carried by this channel across intercalated cell apical membranes is the product of N, Po, and unit current (in B). D shows this product, which reflects the current that would be recorded in whole cell measurements. Data are displayed as means Ϯ SD of channels from 4 patches obtained from 4 separate tubules.
apical membrane than in the absence of the exchanger ( Table  2 ). As such, the model predicted that benzamil-sensitive J Cl will fall from 29.7 to 21.2 pmol·mm Ϫ1 ·min Ϫ1 with elimination of ClC-5 in type A intercalated cells. A similar fall in benzamil-sensitive J Cl was predicted when the model was configured with ClC-5 in type B cells (results not shown). Thus, the model predicted that ClC-5 gene ablation will slightly reduce, but will not eliminate, benzamil-sensitive J Cl , due to the change in Cl Ϫ absorption across tight junctions expected with the variation in V T .
Further experiments tested the model prediction that ClC-5 modulates benzamil-sensitive Cl Ϫ absorption. To answer this question, we tested the effect of ClC-5 gene ablation on benzamil-sensitive Cl Ϫ absorption (Fig. 9) . As shown, benzamil-reduced J Cl in CCDs from both aldosterone-treated wildtype and ClC-5-null mice. In wild-type mice, the benzamilsensitive component of J Cl was 16.7 Ϯ 2.6 pmol·mm Ϫ1 ·min Ϫ1 , which compares with 15.4 Ϯ 1.8 pmol·mm
Ϫ1
·min Ϫ1 in ClC-5-null mice (P ϭ not significant). Therefore, model predictions and our experimental data demonstrate that while ClC-5 gene ablation may slightly reduce benzamil-sensitive J Cl , it is not eliminated. Therefore, ClC-5 is not the primary mediator of benzamil-sensitive Cl Ϫ absorption.
DISCUSSION
We and others have shown that inhibition of the epithelial Na ϩ channel reduces Cl Ϫ absorption in CCDs from mice given aldosterone and a NaCl-replete diet (22, 23, 30) . The mechanism of benzamil-sensitive J Cl has been thought to occur through paracellular Cl Ϫ transport across tight junctions driven by lumen-negative V T generated by ENaC (13) . However, the present study and a previous study (23) have shown that benzamil-sensitive changes in V T and Cl Ϫ flux do not always change in tandem. The present study demonstrates that inhibition of ENaC stimulates Cl Ϫ secretion mediated by a DIDSsensitive conductive pathway.
While the nature of this apical plasma membrane conductive pathway is unknown, a previous study (23) has demonstrated that it is not mediated by CFTR. However, a stilbene-sensitive apical anion conductance has been observed in intercalated cells from rabbit CCDs perfused in vitro (6) , which may represent a Cl Ϫ channel. We observed an intercalated cell apical plasma membrane Cl Ϫ conductance with properties similar to the ClC family (5).
Palmer and Frindt (21) observed Cl Ϫ conductance in rat intercalated cell apical membrane using whole cell patch-clamp methods. In the split-open rat CCD, these investigators observed larger Cl Ϫ currents in intercalated cells than in principal cells. This conductance was increased with aldosterone but inhibited with reductions in extracellular pH (21) . Because this intercalated cell Cl Ϫ conductance has a much greater selectivity for Cl Ϫ relative to I Ϫ (21), which is characteristic of Cl Ϫ channels or exchangers in the ClC family (5), and because ClC-Kb localizes to the basolateral membrane of type A and type B intercalated cells (4), they concluded that a significant fraction of the whole cell Cl Ϫ conductance is likely due to basolateral ClC-Kb channels (21) . However, whole cell measurements might not detect apical Cl Ϫ channels. Our results confirm those of others (10) showing that ClC-5 is expressed on intercalated cell apical plasma membrane. Moreover, the present study shows that the intercalated cell apical membrane harbors Cl Ϫ conductance with properties resembling the ClC family. The molecular identity of this Cl Ϫ conductance and its physiological role remain to be determined. ClC-5 may mediate this conductance, at least in part, although it does not appear to be the primary mechanism for benzamil-stimulated Cl Ϫ secretion. However, we cannot exclude the possibility that ClC-5 mediates a component of benzamil-sensitive J Cl but other Cl Ϫ transport pathways compensate after ClC-5 gene ablation, thereby maintaining benzamil-sensitive Cl Ϫ flux. Since ClC-5 is not regarded as a stilbene-sensitive transporter/channel (27) (21) . These calculations are consistent with the modeling predictions of the present study, which indicate that small changes in V T should significantly change a ClC-5-mediated Cl Ϫ conductance. The model in the present study predicted that rodent collecting duct ClC-5-mediated Cl Ϫ /H ϩ exchange is very sensitive to small changes in luminal membrane electrical potential because three charges are transferred in one cotransporter cycle. Thus, under control conditions, the transporter is poised near its electrochemical equilibrium. With benzamil admininstration, there is substantial depolarization of V T (i.e., less lumen negative) and a small hyperpolarization of the luminal membrane of the type A intercalated cell ( (36) . As an exchanger, it is amenable to a similar nonequilibrium thermodynamic formulation, as was used for ClC-5. However, when this was tried in the current model (either with 1HCO 3 Ϫ /2Cl Ϫ or 1HCO 3 Ϫ /3Cl Ϫ ), benzamil-induced luminal Cl Ϫ secretion was not captured (calculations not shown).
In conclusion, 1) benzamil application stimulates Cl Ϫ secretion through a mechanism that is not entirely consistent with paracellular transport, 2) benzamil-sensitive Cl Ϫ secretion is largely inhibited by stilbenes, and 3) a Cl Ϫ channel with ClC-like prop- 
